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¥, R R PGKIp &3 F %I 0ia iy £ 48 % 8 Secl A= Sso2 itk ik M@ FMAE#4 BYCO 5 BY2CO, it =
A& R BLA 31T BY3CO, 464 MFa 125 Ik 89 Suc2 & A HARGEAL Z T W, 3-45 B 4k SECI  SSO2 #) # Kk
T MBI FE G S BR Suc2 ik R, SR BT, TUE MK SECI F2 SSO2 #955 F KT B F LR, 45K H
# BY3COmS 89 M5 & & o b TR R A H#k BYmS 323 216.67% ,Suc2 o ibak R H 86.46% , & 4 K Btk
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Abstract To enhance the ethanol production efficiency of Saccharomyces cerevisiae in inulin fermentation, this study
investigated the combined strategy of optimizing the secretion pathway and constructing diploid strains to improve the
secretion efficiency of sucrose invertase( Suc2 ) and ethanol yield. Starting with the BY4741 and BY4742 strains, a
PGKIp promoter replacement strategy was applied to construct recombinant strains BYCO and BY2CO, which overex-
press the vesicle transport-related genes SECI and SSO2. Diploid strain BY3CO was obtained through diploid mating.
Following the transformation of the engineered strains with an MFa signal peptide-tagged Suc2 expression vector, the
transcription levels of SECI and SSO2, exiracellular protein secretion, and Suc2 secretion efficiency were assessed.
The results showed significant upregulation of SECI and SSO2 transcription in the recombinant strains. The extracellu-
lar protein secretion of the diploid strain BY3COmS increased by 216.67% compared to the original strain BYmS, and
Suc2 secretion efficiency improved by 86.46% . Continuous fermentation analysis revealed that after 84 h, BY3COmS
achieved a biomass of 35. 00 g/L and ethanol production of 100. 38 g/L, representing increases of 33. 49% and
12.61% , respectively, compared to BYmS. Additionally, the inulin conversion rate improved by 10.32% , reaching
94.77% . This study demonstrates that the synergistic enhancement of vesicle transport pathways and the construction

of diploid strains significantly improve Suc2 secretion efficiency and ethanol production performance in S. cerevisiae.
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These findings provide a novel technical approach for the development of efficient inulin-converting S. cerevisiae strains

for bioethanol production.
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ForbEE TRARGEMA . HEsE TR

WF5E 3R A5 T PN JoE -3 R Rk Ao A 1) 50 38 e iz
BEDT R T PN M- SR AR B B 1R R - J
W B B 01 g i 2 41 43 i ek ek X &R 1 B A
WA B SRR O Y W R i R
IR SR [) 20 Jif 155 3 i 1) BE V0 B ) Secl S5 AT
B-HI AW B ANE MEFE 2.1 A5 Mt i A
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Fig. 1 Schematic diagram of engineering strategies for Suc2 secretory pathway of Saccharomyces cerevisiae
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1.1

L1 WEHERE
ae BY4741  Saccharomyces cerevisiae BY4742 . K
YR %5 W ( Escherichia coli) DH10B #:8 Fvp [E R} 2%
B KA W BT 5 B X S RS B AV T
Ki pPICZoA \pRS423 | pACT2 Hi 47 IR 20452 PR A4
(ARSI ) (R, pYC230-mSUC2 A 5256 28 i
IR AR Y T A R R A B R R L
1,

R Saccharomyces cerevisi-

x1 KHARFAAEKRREEKRER

Table 1~ Strains used in this study and their information

TR R &

BY4741 ARIFATEE 1Y a BIBIT LS BY4741
BY4742 R HEAT B 1) o HUERIIG R BY4742
BY4743 i BY4741 5 BY4742 45 B9 AR
BYC SEILT SECIp B BY4741

BYCO SERL T SECIp 5 SS02p Be ey BY4741
BY2C SEIL T SECIp Bl BY4742

BY2CO SERLT SECIp 5 SS02p Bi i) BY4742
BY3CO 1 BYCO Fl BY2CO it 4 i — 5k

BYmS AT pYC230-mSUC2 ) BY4741

BYCOmS AT pYC230-mSUC2 [ BYCO

BY2mS AT pYC230-mSUC2 HJ BY4742
BY2COmS AT pYC230-mSUC2 Y BY2CO
BY3mS AT pYC230-mSUC2 iy BY4743
BY3COmS AT pY(C230-mSUC2 ) BY3CO

1.1.2 #4K(g/L) LB gL EAK 10,
FEEEZ Y 5, NaCl 10, pH 7. 0; YPD R 35 5. B H
Ji 20, % 0% 20, BEREZ M) 10, pH 6. 05 2 B85 57
HE 5905 150, BERER A 5, MgSO, - TH,0 0.5,

1.1.3  ZZXA 5 EEE& 00 EM T
AR BRAA 7] 5 35 R R RE R U B Ox-
oid 23 7] 5 L-HV B 2 R | IR W g | L5 2 R, L-2H &
i A R EAE Y HARGRA R AN T HR
( Ampicillin, Amp ) , G418 Fi R £k . DNA Jiig 2] i ik
& BORARBGR ) & BERE S RNA PRl £2 4t
Fle M A B T Y TR R A A
rTaq DNASR A Sal 1.Sac 1. Pst T 2R &A1)
fiff PrimeSTAR HS DNA /H%‘/ﬁ\\PrimeScript J2
SEIAI A SYBR Ex Taq 305 &30 H Ki% TaKa-
Ra 3] HA R 40 17 R T Rk Mifk 2 1R
PR El . Mastercycler Pro £ 5 PCR 4% Multipo-
rator FLFZ AN 3414 | Eppendorf 23 7] 5 &8 1 A% &

4t (ImageQuant LAS 4000 , i FH B #5828 7] ) 5 ol i
7 HEIEE T ( Nastercyder pro, il HHHL#R A H] ) 3 £
DIREEEFR L (FS0, Tecan /A ) ) 3 486G T
(UV-5200, I o0 AL &% 2 w6 ) 5 <A 3
(G2630A , ZHERBHEA PR AT ) 8 F 3% (1CS-
5000 , FEER KRB AT .

1.2 A&
1.2.1 &Eakoyikkik Suc2 WRIEBRFETHAE K

M EREEERE T SECT 1 SS02 3 B TR
RO 2, S1W L3R 2, 43 0l NS TR 20 rp 47 1
SECI 1 SS02 J& 8+ X 3k e IR i 400 ~ 500
bp ) DNA B, i % pMD19-T 24k, fiv 45 A
pMD19-T-SECIpud F1 pMD19-T-SSO2pud , 43-5| VA
pRS423 5 pYC230-SUC2 ki A AR i34 H 1) i
BOFESEMAISS] HIS-PCKIp Fr B, FI A i
RR 3l 4 P4 1) B 1Y) 72 B ( Resriction-Freecloning, RF
Ve ) AR B Bk pMDI19-T-SECIpud 1 )
SECIp Ja 3 ¥, 453 3| it k. pMD19-T-SECIpud: :
HPGKIp , ¥4 & % HIS-PGKIp A B, [F) 5 8 4 3%
A% BY4AT41 BRI A A5 F R Bk BYC, LA
pACT2 JFi ki 5 pYC230-SUC2 Jii ki A 5 Mg A4 7
LEU-PGKIp A i Bt , B4 pMD19-T-SS02pud Jii
B b1y SS02p i B F, 1% | it KL pMDI9-T-
SSO2pud . . LPGK1p, ¥ 34 & %% B, XF Btk
BYC 34 LR 3T SS02p 4784, 45 2 i
¥k BYCO, [F B, I ¥k BY2C 5 BY2CO M B #k
BY4742 Hy K&, 5 ¥ i ki pMDI19-T-SECIpud: :
HPGKIp "i¥) HIS TR IC A Zeocin T bR
e, 153 Zeocin-PGKIp J B, A R Ik BY4742
FEH2H A5 B E Rk BY2C, Rl LEU-PGKIp Fr Bt
AR BY2C FEF A R BY2CO, # AN
A HC 7 TR P4 43 0 $EFP T YPD WM R 3 30
°C 200 r/min }55% 24 h, WEEAREIRIR G 1
J&i B 10 000 514 YPD Az ,30 CHi%%, il
T VEREME TR I 8 , FEUEAT PCR 4858 JRA5 A% A
BRIME , 28 "R ER AL KR, 5T MFa (55
JKAY pYC230-mSUC2 ik A HL 544k 2 BYCO |
BY2CO BY3CO &3z & 41 ffd, F 30 C KW
YPD/ G418 F-Hx L0 ve FHPE 7i e . PRECA V&Y
KIGFRE , RAHERE LSRRI b 2 E. coli
DHI10B &z 401, F 37 C A=K 1) LB/ Amp F
M b 3 BH P o B 2% RIS o 70 8 i 1 i 1Y
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1.2.2 E @M SECI #= SSO2 B & ik K F
SHF AR RNA 2B A2 % Wang 10 (1)
D5 BUE YPD WG FR AR 555 24 h BRI
T 2% (SRR F2 R S 3 0 & e R 973,30 C |
200 r/min JR¥HEEFE 12 h JoWCEE AR, Fie BB

RNA P f 100 & U B 5 517 RNA $2 I, 3k
U RNA JiF , 4744 B PrimeSeript J2 % 51205 & Al
SYBR Ex Taq &7l & P4 E AT 5 e A E G 2
PRI AR SEZRRE o S R 11 5% 5% PCR ( Reverse Transcrip-
tion Quantitative Polymerase Chain Reaction, RT-
qPCR) 73#7, LLACTI NS HE 513k 2, R
F1 2RI SECT I SS02 BIRHXTFeik

®2 KHARFASIY

Table 2 Primers used in this study

514 SIYFE1(5'3") /I
SECIpu-F CATTGTAAAACACGCGGAC MAEIRAL TR SECE fe 3 F RL 1 1 400 ~ 500 bp #9751
SECIpd-R GCCTACAATCTTCCTCACG
5S02pu-F CACAGGCAGATTCTTGTTGAGCAGC WIEREH EARIR $S02 3T B LR 400 ~ 500 by 97751
$S02pd-R CGTTGATGGCGGCTTCCACTTC
HIS-F GCGATACAGCTATTATTACAGGCACTCATTGTACTGAGAGTGCAC PRH AR HIS B
HIS-R CTGTGCGTCTTGAGTTGAAGTCAGGAATCTAAAATACTGTGCGGTATTTC
HPGKIp-F GAAAATACCGCACAGTATTTTAGATTCCTGACTTCAACTCAAGACGC YRS HIS ARiE R RIRE I PCKIp B
HPGKIp-R CCTCTGTAAATTCAATTAAATCAGACATTGTTTTATATTTGTTGTAAAAAGTAG
LEU-F CCAAGCGGGCAGCAAAGGGTTGTGGGAATACTCAGGTA PRHA RS LEU B
LEU-R GCGTCTTGAGTTGAAGTCAGGAATCTAAAATATAAGGGTTATTGAATATGA
LPGKIp-F CATATTCAATAACCCTTATATTTTAGATTCCTGACTTCAACTCAAGACGCAC YIRS LEU MERRIRRE 1Y PGKIp B
LPGKIp-R CTCATAAAGGATTAGCGTGCTCATTGTTTTATATTTGTIG
Zeocin-F CGATACAGCTATTATTACAGGCACTCCCCACACACCATAGCTTCAAAATGTTTCTACTC § 3 [FIIEE ) Zeocin J Bt
Zeocin-R CGTCTTGAGTTGAAGTCAGGAATCTAAAATAAGCTTGCAAATTAAAGCCTTCGAGC
SECI-QRT-F CAAGGTTCGTTCCCGCTGT SECI ] Real-time PCR %)
SECI-QRT-R  CGTGGTCCAAGCTGCCT
$S02-qRT-F  CAAGTGAGTGAGGAACAGGAG $502 1] Real-time PCR 7|4
$502- qRT-R GCTTCCACTTCTTCGTCAG
ACTI-qRT-F  GCCGAAAGAATGCAAAAGG ACTI ) Real-time PCR 3|4
ACTI-QRT-R  GGAAGGTAGTCAAAGAAGCCAGA
M13-F TGTAAAACGACGGCCAGT pMD19-T %7519
MI3-R CAGGAAACAGCTATGAC
MAT-F-R AGTCACATCAAGATCGTTTATGG RS E 519
MAT-a-R GCACGGAATATGGGACTACTTCG
MAT-a-R ACTCCACTTCAAGTAAGAGTTTG

2 BEAEMMETEE
Fig.2 Schematic diagram of recombinant strain construction
A ~D 25 EA R BYCBYCO,BY2C il BY2CO HM i 7R R
A-D is schematic diagrams of the construction processes for the recombinant strains BYC, BYCO, BY2C, and BY2CO
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1.2.3 FT@UaHMREINE O aymz  LUF
L3 25 1 A% BEBRAE A, SR ] Bradford 151 1 5
LR FR A AN R (A0 I BE D L BL100 L 28
8 000 r/min Z5.0> 5 min [ & 37 , %2 500
pL B TAER 8 A AR 595 nm T A%
JEAH  ARASREIT 2T B

1.2.4 Suc2 ¥4k Zm e PREUAHIER 10
mL YPD/G418 ¥5353 30 °C 200 t/min 3535 16 h
AAFFI T, 742 210 mL 390 & BERS 3R 08 Wl ih
0Dy, =0.2,30 °C 100 r/min &M% 48 h, K5 H
B3N AT AL Suc2 PR (%) =
(R TRV 1 75 TR A T 0 005 7/ . T VL IR 0 Tt g 0
71) x100% ', BB K B R A 3,5-
T FE KR (3, 5-Dinitrosalicylic acid, DNS) £
S TR AR S T D W R s v o A AR
MEMZE, B 20 WL B BRESh 5 180 wL 2% (JFif:
%EE)F%/E@,SO CHEHE 15 min,ﬁ@)ﬁﬁﬂA%1$
TR DNS 5, B K 5 min, M 5E 0D, . WS
FE SRR P A2 1 wmol 45 BT 4 il
wHh1U,

1.2.5 WA ERE>H PBEUARIEE 10
mL YPD iR B SR SRR 3, A%
FE 10 mL 2R 3R 3L ,30 °C .100 1/min £
TREFR, B 12 h BURE 1 U, KGR Y AR
TEVERGG 7 CBES R DL B i, e, @
TEOTHT R B R B R R R, @ AR ki
FE B IRBIR T, 20 2Bk LB, R A
RIBE, @ IS HNES%1.2.4, @ &
M= B B 1 mL 3 0,22 wm BB A & BER,
5 BB A 2.7 g NaCl i RE LA K43,
SRIG, RS % 43 B & B TP i S B 5 it
R FHZ2EE(E VE-WAXms (30 m x0.25 mm x
0.50 wm) RIS LT, ST KO pa A
AR RE R 240 C L, HA M RN 30 mL/min, %5
S EE S 300 mL/min, BN 20 mL/min,
FETRLM 45 CiE#E, LL 10 °C/min (343 THE 2 80
CAEFF 3 min, ZR)5 LA 25 °C/min B 3G 3 THE 2
200 CAHREES min, RRAVEBFEA . @ R Dbk
FERIN - A5 e W, B 100 5 B0 B
S AT 4 mol/L H,S0, 1R2), 2 ¥k 30
min J&7 , ITAIE B 4 mol/L NaOH W I, #)m, K
FH DNS 3200 7 5% B B M v B, O 31 59 45 W 5 4k

R R (%) = [ B2/ (EBHFE R
x0.511)] x100% ™', & KEEL S HE TGk
8T AFF BL 45 CarboPac PA20 #F 1 & T (4 1 vk
WL Az TR 26 o5 48 A 1 R A A 0 . BB 5 0. 22
m P8 & R LT, BB 100 1%, B 25 pl A
mn EAE, 7E 30 CHEIR T, DL 0.5 mL/min 1
HEAT 60 min BEEEVENL ., BAKERE 0 ~5 min FH 20
mmol/L. NaOH “F4#7;5 ~ 10 min F 20 ~ 100 mmol/L
NaOH £ ; 10 ~ 60 min ZE4F 100 mmol/L NaOH
FH2L 0 ~0.5 mol/L NaAc #4748 F BT .

1.2.6 #¥ESH  FIANLRHBEE3 MY
ST R o A A BT RN AR R O 25 e T IEAG
Bl w0 2 R E L P <0.05,

2 HEREHN

2.1 BRSWERIE Su REBRSEAEKD
M

R ffAT R i GBI I SECT 5 SS02 X
Suc2 WA I B8N, T 5 LRI 8% B BY4741
F BY4742 Ay P BBk o R S 20K SECT TN
SSO2 () K 8K JA 3 1 8 ¥ o AH LR 9 R B 1
PGKIp F AL B o IR Tk BYCO 5 BY2CO
(El2), #F—at — ARG A5 98 s ik
SR AR bR BY3CO, F4H MFa (55
BKAY Suc2 3K HAK pYC230-mSUC2 43 B ik &
BY % 51| & kR, 3k 5 F 41 8 #k BYmS, BY2mS |
BY3mS .BYCOmS .BY2COmS 2 BY3COmS (£ 1),

% HI RT-qPCR HARM & A bk b SECT
SS02 FEH ) mRNA % 5% K-, B 0E 43 W 3% 12 ek
1 TR B BB i R IRROR . AR A 3
ffizs, SECI 7¢ # 20 1 #& BYCOmS , BY2COmS 5
BY3COmS H % AH X 3% 3k 1t 5 % BE 41 Ji 4y TR K
BYmS BY2mS 5 BY3mS 43 % i # 42 7 3. 15,
3.59.2.59 £i%,5502 Fik FE#ETF 8.80.9.00.9. 69
% UE SR B B 4 v A s S AR B A o R A
Hrp 7E BY3COmS " SECI 5 SS02 By * 3 ik
55T BYCOmS Hl BY2COmS,, X —45 T & W 41
AT BRI RE , S AR TR B AT BB A T i Y 22
HWAERE ),
2.2 BEAFRKERKIERENNST

HERFEIE— B E SECI F1 SS02 1+F FF ik %
LG P 28 00 3 i e T 5 ), AR B 2 A o ) S
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T R R R L 8 S PTG R
gEHLINE 4 FiR i1 #55 SECT 5 SS02 B4
¥k BYCOmS .BY2COmS #1 BY3COmS Jfi #h & 15 73
WA ORGSR W P2 T, BY3COmS BU5 iR
bk BYmS 27} T 216.67% . HAb, A5 R B
(BY3COmS 1 BY3mS) 4 i &M 8 11 43 b e 35 L X
I B4 A% A T AR ( BYCOmS/BY2COmS #1 BYmS/
BY2mS) ¥ B 2 5, 5 OK PR — . %
2 TR B G A AR 1 e P ) 1 5 4 3 55 i R
G138

B3 FHEHREN SECI 1 SS02 HIHE RIZKF
Fig.3 Relative expression levels of SECI
and SSO2 in recombinant strains
* Rl 27 B3 (P <0.05) K 6 [
* Indicates significant difference between groups (P <0.05),

same as figure 6

B4 EAEHKHNEARSDE
Fig.4 Protein secretion of recombinant strains
ANR/NG FREFRRALA 22 5 2 (P <0.05) [ 5[]
Different lowercase letters indicate significant differences be-

tween groups (P <0.05) ,same as figure 5

2.3 EZHEM Suc2 ik sE HINE
ST H 2 R A AR 0 M BE D O TR R B,

HE— 25 VP A 2 30 32 Hin 308 [ 5 A6 X6 5 41 R PR Suc2
B IWRCRAGR I, 455K 5 iR, LB 48
h &, F R Suc2 8 H 7 WA0%E R 12.13% ~
24.52% , SAEAT SECI F1 SSO2 i 33k 1y X} I
4 BYmS., BY2mS #! BY3mS #H k., BYCOmS,
BY2COmS F1 BY3COmS B Fk 1) Suc2 43 I30% B
EARTE, RN ERZH 1 1.39 1,39 1. 56 £%, B
A Bk BYCOmS 5 BY2COmS L)}z BYmS 5
BY2mS W /- WA RAFAE R FE 27, X e
BY4742 Fl BY4741 (st fe MAC WS == 54
E3al o 591U R B BYmS [ Suc2 43 WA R R
(12.13% ) i Ht, BY3COmS 1Y Suc2 43 M35 % i
HIRTH R 22.61% MG Rk 86. 46% , XM, AL
FEBA I E] AR BE (BY3mS AT BY3COmS)
AP IR B AR (BY2mS F BY2COmS ) Y i 3 2
S LB T AR, ZI R TR T
RS 4038 B RSN, 51 & Suc2 5 HAh S
AR 2 ARG T2 4 PRI ], N ITTREAR T Suc2
AR SR ISR

Bs5 BEARKEREEFRERRBEMRh
#) Suc2 & i3
Fig.5 Suc2 secretion efficiency of recombinant strains after

48 h of fermentation in inulin-based medium

2.4 BHSWEE Su2 EAF KL BB
S

S PFA AL B R A8 0 A = O BRI RE T,
BYmS, BY2mS, BY3mS, BYCOmS, BY2COmS F
BY3COmS #Fh F 4558 B 12 h BURE 1 IR,
W5 2 W ) P A2 0 i R TG ) (3% BR R
WM (K 6) .,

PRIRRI R AR i R TG ) | £ o B
Sz BER A SE A T3 0, 249 7F 84 h kBN, 5%
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IRE 32 By ok AR R PR A o B R R K RE T (]
6A) EEREERTE 1 (18 6B) | ZEE (K 6C) Bfl
TR AT OO A T Rk, U0 B T R T B R T Y
PETHHAT Suc2 43U BEHGIN, B T A 2
WERE T, P2 F B AR B P A L XA S Xu
GO AR B EHABEEN R BRR
BY2COmS 5 BY3COmS Ay 5 = g 16 F14H 24, {1
BY3COmS (1) 2By Al e & A A s AL R 34y B
1o, X A H A W ARG g G R A 2
TAEARE 2H T bk BY3COmS 7E 84 h AR Wi ik
35.00 g/L, BEBEAE IS /7 318. 80 U/mL, # BYmS

R 33.49% F179.48% . BY3COmS T84 h
) =534 100. 38 o/L, & T A AL E R, 5
AR BYmS 32T T 12.61% , A BEvk & b
AR R R GR B BBEAEO ~ 24 hPETH
FRBE TR E (F 6D) , Ui B & B s it KB4y
T AT O BE, HA R (BYCOmS |
BY2COmS . BY3COmS) {1 Eb i #E H 55 % I8 5 Bk
(BYmS . BY2mS ,BY3mS) 2 5 A%, K 6E
SR IR H 2 TR 00 2 R AR B e TR
FRR, Horf AR B BY3COmS B4R i,
5 BYmS 27+ 7T 10.32% , 155 94.77% .,

B6 EHEWMIEEERESHT

Fig.6 Fermentation performance analysis of recombinant strains

B OISR RN (B 7)), KRR R 5
FRIETP AR BER R T A AR K S FEA
P, eIk SECT F1 SSO2 1) B 4 T Mk 24 RE = Ak
FEfEAIRI R G B 20, o RGN TS T 24
(PREEEHE] 0 ~ 34 min) B4 5005 58 MR, BA
JERT 24 W4 o B B 38 0 e, A5 B Ak
BY3COmS X} 4515 (1) R 6e 1 0L T A B 4 i 7k
AR EE 6 —8, LiREEREEM, E i kg
Wiz 58 6 (SECT F1 SS02 1t 363K ) ARk T4
P AR R BY3COmS , BB L 10 S 14 3 4
KIS AW G A SR RE , B Tolk A AR 7= T i
4 I T T

E7 EAERABLCSREASETRIEE
Fig.7 Ton chromatogram of residual sugars in recombinant

strains’ fermentation broth at the end of fermentation
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